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Abstract 
 
The paper presents the results of the experiments on the solidification of superalloys in shell moulds. The analysis of heat transfer during 
the solidification of castings in ceramic moulds was carried out theoretically and confirmed by the results of earlier experiments conducted 
on model shells. Results of experimental temperature measurement were compared with numerical calculations (performed using the 
ProCast software) and corrections of the calculation parameters were proposed. A model of structure simulation was verified on a selected 
real casting. It can be assumed that simulating the structure will be a theoretically and computationally demanding problem. 
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1. Introduction 
 
Precision castings of Ni-based superalloys are mostly cast by the 
technology of self-supporting shell moulds. The shell thickness 
must provide sufficient strength and it is usually 8-10 mm. The 
shells  are  annealed  to  temperatures  of  over  1000  ºC  and  by 
pouring their temperature ranges between 800 and 900 ºC. The 
shell is usually formed by several castings located on a common 
gate. For reasons of economy, the aim is to have as many castings 
in one shell as possible and this leads to a high density of their 
arrangement. 
As regards the heat transfer from molten metal to the mould, its 
accumulation  in  the  mould  and  further  distribution  into  the 
surrounding  environment,  pouring  into  self-supporting  shells  is 
quite a unique technology. Whereas during metal solidification in 
massive  sand  or  metallic  moulds  the  predominant  part  of  heat 
from  the  solidifying  casting,  Qmetal,  accumulates  in  the  mould 
mass, Qmould, the amount of heat transferred into the surrounding 
environment, Qsurr, is of little significance (Fig.1a). By contrast, in 
thin-walled shells the proportion of accumulated heat is small due 
to their small thermal capacity, and a significant part of heat is 
transferred out of the mould already during the solidification of 
the casting (Fig. 1b). 
 
 
Fig. 1. Distribution of heat during metal solidification 
a) massive moulds,   b) shell moulds 
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Because of the absence of gas atmosphere in the vacuum furnace, 
practically the only mechanism of heat transfer from the mould to 
the surrounding environment is radiation; there is no heat transfer 
via conduction from the mould into the neighbourhood here. (At 
the site where the shell is placed, heat is also conducted into the 
sand bed.) This is accompanied by mutual radiation interaction 
with the surrounding environment (usually via the mould cover); 
in moulds of intricate shape with several castings the individual 
parts  of  the  shell  irradiate  one  another  and  thus  affect  the 
solidification of neighbouring castings – Fig. 2. 
 
Fig. 2. Heat transfer by radiation in shell mould  
 
Such a mutual heat action may result in the heterogeneity of 
initial temperatures in various parts of the mould, changes in the 
progress  of  casting  solidification,  directional  asymmetry  of  the 
structure, and it may affect the subsequent cooling process in the 
castings. When pouring into shells, local or overall insulation of 
shells is often applied. At points where it is applied, insulation 
reduces the intensity of shell cooling, in particular the radiation 
level, and changes the thermal effects of castings on one another. 
This highly specific thermal situation in pouring into self-
supporting shells must be respected in both the mould design and 
numerical simulation of the solidification and cooling of castings. 
In the case of numerical calculation it is in particular necessary to 
correctly characterize the conditions of heat accumulation in the 
shell  during  pouring  and  solidification,  and,  above  all,  the 
conditions of heat transfer on the outer ceramic surface, the effect 
of the shape configuration of the cluster, and also the effect of the 
mantel  of  the  shell.  Only  very  few  verified  data  are  available 
today for these calculations. The aim of the research carried out 
was to compare the temperature fields in castings and shells, and 
also the structures of Ni-based superalloy Inconel 713LC, which 
had been established during real pouring into experimental shells 
in  vacuum  furnace  and  in  the  course  of  their  numerical 
simulation.  In  the  simulations  the  calculation  parameters  used 
were  corrected  such  that  the  maximum  possible  agreement 
between calculation and reality could be achieved.  
The analysis of heat transfer during the solidification of castings 
in ceramic moulds was carried out theoretically and confirmed by 
the results of earlier experiments conducted on model shells. In 
the  experiments,  iron-based  alloy  N155  was  poured  in 
atmospheric  conditions  [1].  Analysed  in  particular  were  the 
parameters of heat transfer from the mould into the surrounding 
environment,  the  effect  of  boundary  conditions,  the  effect  of 
mutual thermal action of castings on one another, the effect of 
forced convection, and the effect of thermal insulation of moulds. 
Results of experimental temperature measurement were compared 
with  numerical  calculations  (performed  using  the  ProCast 
software)  and  corrections  of  the  calculation  parameters  were 
proposed. 
 
 
2.  Solidification  of Ni-alloy  castings in 
vacuum 
 
On  the  basis  of  data  obtained  in  the  course  of  casting  in 
atmospheric conditions, experimental tests were carried out while 
pouring heat-resistant Ni-alloys Inconel 713 LC into shells in a 
vacuum induction furnace. 
In the tests, temperature was measured in the test castings and 
in the walls of shells. The effect of the size of castings and the 
effect  of  total  and  local  thermal  insulation  of  shells  were 
monitored. The structure dispersiveness, hardness and mechanical 
properties  were  evaluated  on  experimental  castings. 
Experimentally established temperature curves in the metal and 
shell were confronted with the results of simulations; calculation 
parameters  were  then  changed  in  order  to  obtain  maximum 
agreement  with  experimental  results.  A  similar  procedure  was 
also  used  when  comparing  the  structures  of  real  castings  with 
structures  determined  numerically  with  the  aid  of  the  CAFE 
module of the ProCast software.. 
 
 
3.  Shell  moulds,  melting  facility,  and 
temperature measurement 
 
Tests were carried out while pouring in type VIM IC 5E 
double-chamber vacuum furnace (ALD Vacuum Technologies). 
Self-supporting  shells  were  made  of  molochite  ceramic,  9 
investment layers, shell thickness 8-9 mm. Prior to casting, the 
shells were annealed to a temperature of 1100 ºC and placed in 
the lower chamber of vacuum furnace. 
The measurement was conducted using S type thermocouples of 
0.35 mm in diameter in ceramic double-capillary tubes of dia.2.8 
mm.  The  thermocouples  deployed  in  metal  were  in  protective 
quartz tubes of dia. 4 mm. The measuring end of thermocouples 
deployed in metal was located in the axis of castings. The shell 
temperature was measured in the shell wall some 3 mm from the 
metal.  The  cavity  for  the  installation  of  thermocouples  was 
prepared during the investment after the 4
th mould layer – Fig. 3. 
All the thermocouples were located in the direction of isothermal 
line. The thermocouples were installed during the transport of the 
shell from the annealing site into the vacuum furnace.  
The transfer of data from the vacuum furnace to the supply and 
recording  devices  is  a  major  technical  problem.  The 
thermocouples are connected via compensation leads to an input 
of  A/D  converter  ADAM  4018  (Advantech)  with  a  sampling 
frequency of 10 Hz. To be protected against metal spatter and heat 
the  converter  is  mounted  on  the  lower  side  of  casting  bench. 
Through a bushing in the furnace wall the module ADAM 4018 is 
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connected to the RS-232/RS-485 convector ADAM 4520 and to a 
measuring computer. 
The two modules are supplied from the PWR-242 module. The 
system  must  be  resistant  to  the  action  of  magnetic  fields  and 
utilizable in high vacuum. All the leads in the furnace are located 
in such a way that they cannot be damaged by the movement of 
inter-chamber  valve,  casting  bench  or  the  door  (Fig.  4).  The 
Adventech  ADAMView  program  was  used  to  record  the 
measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Thermocouple layout in metal and shell 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. System of temperature measurement in vacuum furnace 
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4. Solidification of system of cylindrical 
castings 
 
The  test  moulds  made  for  the  experiments  were  cylindrical 
castings of 10, 20, 30, and 50 mm in diameter and 200 mm in 
length (referred to as D10-50 in the following). The arrangement 
of castings in the shell is obvious from Fig. 5. Metal was poured 
over the upper distribution ring, which also had the function of a 
riser. The lower fixation ring served to increase the rigidity of 
shell. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Scheme and picture of non-insulated test mould 
 
The effect of thermal insulation of shells was examined by 
pouring  into  non-insulated  and  insulated  shells.  The  insulation 
was  made  along  circumference  by  fibrous  insulation  fabric 
SIBRAL of 6.5 mm thickness – Fig. 6. This type of insulation is 
frequently used in practice. It limits the intensity of radiation into 
the surrounding environment.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Scheme of the insulated shell 
The  plot in  Fig.  7  gives the  metal  temperature  vs.  time  in 
castings of 50, 30 and 20 mm in dia. and in the shell wall when 
pouring  into  non-insulated  and  insulated  moulds.  Due  to 
insulation  the  solidification  time  of  castings  of  all  the  above 
diameters increased substantially (approximately 2 to 2,5 times).  
The pouring temperature of metal in all cases was 1360-1370 ºC. 
The starting temperature of the insulated shells was 800 -850 and 
650-700
 oC of non-insulated shells. 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
Insulation – 
Textile SIBRAL 
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Fig. 7. The plot of metal temperature in insulated and noninsulated shells 
 
 
5. Numerical simulation 
 
Numerical  simulation  was  performed  on  the  basis  of  the 
thermophysical parameters of the metal and the mould and with 
boundary conditions that had been optimized in earlier tests when 
pouring the N155 alloy in atmosphere. Numerical solution was 
obtained for both non-insulated and thermally insulated shells. It 
turned out that when pouring in vacuum, the boundary conditions 
of  calculation  established  for  pouring  in  atmosphere  had  to  be 
adjusted.  The  changes  were  made  in  the  coefficient  of  heat 
transfer between the shell and the surrounding environment, and 
in the coefficient of shell emissivity. It was established that the 
emissivity  value  had  to  be  changed  during  calculation  in 
dependence on the outside temperature of the shell. Optimization 
was  primarily  aimed  at  obtaining  agreement  between 
experimental  and  simulated  temperatures  in  the  casting.  Very 
good  agreement  was,  however,  obtained  also  for  the  shell 
temperature.  A  complete  agreement  for  the  whole  period  of 
measurement cannot usually be obtained so that the emphasis was 
put on the agreement of temperature values in the solidification 
interval.  A  comparison  of  temperatures  in  the  metal  after  the 
optimization of parameters can be seen in Fig. 8; for the shell 
temperatures see Fig. 9 by casting into non-insulated shells. 
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Fig. 9. Comparison of measured and simulated shell temperatures in non-isolated shell after optimisation 
 
 
6. Structure of D10-50 castings 
 
The macrostructure of castings was evaluated on transversal 
sections of D10-50 bars. The structure of castings of all the above 
diameters  was  formed  by  columnar  crystals  along  the 
circumference  and  by  equiaxial  crystals  in  the  axial  area.  The 
number of grains on the pitch circle in the circumference area, and 
the average and maximum grain size in the equiaxial area were 
evaluated. 
It was found that the dispersiveness of columnar grains did not 
change  much  with  the  size  of  bars.  Due  to  thermal  insulation, 
slightly coarser columnar grains appeared on the circumference, 
but this effect was not very significant. As a result of thermal 
insulation, equiaxial grains were a bit coarser than in the non-
insulated  mould.  In  the  given  case,  this  could  probably  be 
explained by the 150 to 200 ºC higher temperature of the shell 
during pouring; this increased temperature was due to the lower 
thermal  losses  of  insulated  mould  during  the  installation  of 
thermocouples.  In  all  the  cases  it  is  evident  that  grain  size 
increased with the typical dimension of the casting. It seems that 
in the solidification of surface areas the heat accumulation of shell 
plays a role in all castings, while the diameter of the casting and 
thermal insulation have a greater effect on the dispersiveness of 
centre  areas.  The  difference  between  the  dispersiveness  in  the 
upper part of the bars (with greater warming during filling) and 
the dispersiveness in the lower part was not very significant. 
In the simulation of grains the CAFE module of the ProCast 
simulation program was used. Physical data for the calculation of 
growth kinetics are not given in the database for INC713LC alloy 
and it was necessary to calculate them using the CalcoSOFT3D 
program. After a comparison of real and the simulated structure it 
was concluded that the parameters used did not yield sufficient 
agreement of the results. The differences concerned both the grain 
size  and  the  extent  of  columnar  and  equiaxial  layers.  For  this 
reason  the  parameters  of  bulk  and  surface  nucleation  in  the 
structure  calculations  were  optimized,  which  led  to  a  situation 
when the agreement of results in the predominant part of castings 
could be regarded as good – Fig. 10.  
In  the  simulation,  considerable  axial  inhomogeneity  was 
established in those parts of castings that were oriented towards 
the  axis  of  the  shell  and  in  the  outward  direction.  This 
inhomogeneity  was  connected  with  the  effect  of  mutual 
irradiation of individual bars and had been confirmed in earlier 
tests  with  solidification  in  atmosphere.  The  asymmetry  of  the 
structure consisted on the one hand in the shift of thermal axis of 
the casting out of the geometric axis (in the direction of the cluster 
centre) and, on the other hand, in the non-uniform thickness of the 
layer of columnar crystals. The shift of thermal axis was more 
pronounced  in  castings  of  larger  diameter.  The  existence  of 
thermal  axis  shift  with  respect  to  geometric  axis  was  also 
confirmed  in  metallographic  structures  but  it  was  not  as 
pronounced as in the simulated structures. Differences between an 
actual and a simulated structure appeared in particular in the area 
of the lower end of bars, i.e. at sites where the shell rested on the 
sand bed and was quite intensively cooled by the transfer of heat 
into the sand bed. It seems that the actual heat and temperature 
conditions  of  pouring  into  shells  are  substantially  more 
complicated than when pouring into the usual massive moulds; 
consequently, to obtain a high degree of agreement of structures 
in the bulk of the casting it will be necessary to analyse in detail 
the thermal and local crystallization parameters. 
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Fig. 10. Comparison of real and simulated structures of 50 mm dia. test castings 
D 50 non-insulated 
    D 50 insulated 
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7.  Simulation  of  structure  of  stator 
blade casting 
 
The  stator  blade  casting  of  gas  turbine  was  chosen  for  the 
verification  of  the  calculation  correctness  on  an  actual  casting. 
The shell was formed by 4 castings on the central top gate Fig. 11. 
Different variants of thermal insulation with the moulds by Sibral 
of 6,5 and 13 mm thickness were used. In the process of pouring, 
temperature vs. time was always measured at three points of the 
blade – fig.13. The castings were cut in transversal direction and 
the macrostructure was metallographically evaluated. Using the 
calculation parameters obtained after correction for the D10-50 
bars the simulation of the blade structure was carried out. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Blade castings shell 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Variants of thermal insulation of the blade castings shell 
One layer insulation   Two layers insulation 
a)  b
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Fig. 13. Position of thermocouples in the blades 
 
In  actual  as  well  as  simulated  structures  comparatively  good 
agreement was established for the area of the massive part of the 
blade but not for the thin trailing edge. In the actual casting a fine, 
almost  equiaxial  structure  appeared  in  this  area  while  in  the 
simulated  casting  a  markedly  acicular  structure  was  predicted, 
with  crystals  running  out  of  the  blade  –  Fig.  14.  So  far,  this 
disproportion  could  not  be  quite  removed  by  changing  the 
calculation  parameters.  The  above  example  indicates  that 
structure simulation will be difficult, in particular at sites with 
extremely  rapid  heat  removal,  where  specific  nucleation 
conditions may prevail. 
 
a)  b) 
 
 
 
 
 
 
 
 
 
Fig. 14. Structures of a blade – a) real structure, b) simulated 
 
 
8. Conclusion 
 
Experimental castings of test bars of different diameters were 
poured  of  Inconel  713LC  nickel  alloy  into  shells  in  vacuum 
furnace.  Temperature  vs.  time  was  measured  in  castings  and 
shells during the solidification and cooling of castings. The effect 
of  thermal  insulation  of  shells  on  the  temperature  mode  of 
castings  and  moulds  was  monitored.  On  transversal  sections 
through castings the macrostructure was evaluated and an analysis 
was made of the effect of temperature mode during solidification 
on  the  structure  of  metal.  Tests  of  mechanical  properties  were 
conducted on a limited scale. 
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Numerical simulation of temperature fields and simulation of the 
structure were carried out for the test castings, using the ProCast 
software. By adjusting the boundary conditions of heat transfer a 
good  agreement  of  simulated  and  measured  temperatures  and 
structures  was  obtained.  A  model  of  structure  simulation  was 
verified  on  a  selected  real  casting.  It  turned  out  that  for  thin-
walled  castings  it  would  be  necessary  to  further  specify  the 
conditions of crystal nucleation and growth and to optimize the 
calculation  parameters.  It  can  be  assumed  that  simulating  the 
structure will be a theoretically and computationally demanding 
problem.   
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